Atrial, His bundle (H), and ventricular electrograms were recorded by an electrode catheter in unanesthetized man. Conduction time through the atrioventricular (A-V) conduction system was subdivided into A-V nodal (A-H interval) and ventricular specialized conduction system (H-V interval). The right atrium was driven at a constant rate and the pattern of A-V conduction of premature atrial test impulses was determined as they occurred progressively earlier in the cardiac cycle. In the type 1 response, conduction delay and block were limited to the A-V node only. The type 2 response was characterized by progressive conduction delay in both the A-V node and ventricular specialized conduction system with block occurring in several instances in the latter. In the type 3 response there was also a progressive delay in A-V nodal conduction time, and a sudden marked delay in conduction in the ventricular specialized conduction system. Conduction block occurred distal to the His bundle depolarization. The relevance of conduction delay and block in the different regions of the A-V conduction system to the full recovery time and the relative, functional, and effective refractory periods of A-V conduction are indicated.
• Conduction of impulses from the atria to the ventricles involves propagation through a series of elements known as the atrioventricular (A-V) conduction system. This system includes the A-V node and the ventricular specialized conduction system (VSCS), which includes the bundle of His, the bundle branches and peripheral Purkinje network (1) .
Previous investigations in dogs have shown some of the physiological properties of A-V conduction by studying the propagation of premature atrial impulses (2) (3) (4) (5) . The characteristic types of A-V delay differed in different animals, ranging from an increase in proportion to the prematurity of the propagated atrial response to an abrupt increase at a critical degree of prematurity (3, 4) . A dual A-V nodal transmission system was originally postulated to explain the results (3) . Experiments on the canine heart by Hoffman et al. have convincingly demonstrated by localized electrograms recorded from various regions of the A-V conduction system that both the A-V node and the VSCS can contribute to the delay in A-V conduction (4) . Consequently, conduction delay in the VSCS could well account for several properties previously ascribed to the A-V node. Likewise, studies by Damato et al. in man have demonstrated that conduction delay of premature atrial impulses can also occur in the VSCS (6).
The present study was undertaken to characterize the responses of the A-Vconduc All values are expressed in msec. AVCS = A-V conduction system; AVN = A-V node; VSCS = ventricular specialized conduction system; FRT = full recovery time; FRP = functional refractory period; ERP = effective refractory period; ASHD = arteriosclerotJc heart disease; AP = acute pericarditis; NHD = no heart disease. *Modified type 2 response.
stimulation. Since A-V conduction delay and block can be encountered in any of the structures in the A-V conduction system, localized His bundle electrograms were utilized to separate conduction time in the A-V node from that in the His-Purkinje system.
Methods
Studies were performed on 20 subjects with normal A-V conduction as judged by electrocardiographic criteria; (normal sinus rhythm, normal P-R interval of 0.16 to 0.20 seconds, and normal ventricular depolarization). The presence or absence of heart disease was determined by clinical history, physical examination, resting and exercise electrocardiograms (ECG), and cardiac catheterization. The clinical status of these subjects is included in Table 1 . All were advised of the nature of the study, and a signed consent was obtained. None of the subjects were on medication at the time of the study.
Recording Techniques.--The techniques for recording His bundle electrograms in man and their validation have previously been described in detail (7). A right heart catheterization was performed on all subjects in the supine, postabsorptive, unsedated state. Using local anesthesia, a bipolar electrode catheter was introduced percutaneously into the right femoral vein and fluoroscopically positioned across the tricuspid valve. The terminals of the catheter were connected to a distribution switch box 1 which allowed for bipolar recording between three pairs of electrodes (electrodes 1 and 2, 2 and 3, and 1 and 3). Each bipolar lead was connected to the A-C input of an ECG preamplifier. Frequencies below 40 and above 500 Hz were filtered out to provide greater baseline stability. The electrograms recorded by the catheter were displayed on a multichannel switched beam oscillographic recorder 1 as the electrode catheter was then withdrawn slowly iElectronics for Medicine, White Plains, New York.
across the tricuspid valve. The appearance of a rapid deflection between the atrial and ventricular electrograms and within the P-R interval of a simultaneously recorded surface ECG signified electrical activity of the bundle of His (Fig. 3) (8) . A second bipolar catheter was introduced percutaneously into an antecubital vein and fluoroscopically positioned against the lateral wall of the right atrium. This catheter was used to stimulate the right atrium. Records of the surface ECG and the local electrograms were recorded at a paper speed of 200 mm/sec. In addition, in some experiments standard electrocardiographic leads I, II, III, V x and V 6 were simultaneously recorded on a Sanborn 4560 series recorder.
Experimental Procedure.-The experimental design was a replica of the procedure used by Moe et al. (3) in their studies on the canine heart, with the additional feature of delineating the various components of the A-V transmission system as described by Hoffman et al. (4) .
Basic drive and test stimuli delivered to the right atrium were provided by Tektronix 160 series waveform and pulse generators so arranged that the test stimuli could be introduced at any point in the cardiac cycle, at any multiple of the basic drive frequency. The right atrium was electrically driven at the lowest possible atrial rate that insured reliable "atrial capture" by the basic drive stimulus (SjJ. This stimulus consisted of a square-wave pulse of 2 msec at approximately twice diastolic threshold. A test stimulus (S 2 ) was then introduced after every tenth driving stimulus through the same electrodes, and the S^S o interval was decreased in gradations of 5 msec or less until S9 was no longer conducted to the His bundle. S 2 consisted of a square-wave pulse of 1 to 2 msec and three to four times diastolic threshold. Varied parameters of the test pulse did not influence the results and were chosen only to elicit a propagated atrial impulse which served as the stimulus for the A-V conduction system. Both driving and test stimuli were suitably isolated from ground (Bioelectric Instruments Type ISB). In 7 of the 20 studies, the basic drive stimulus following the test stimulus was omitted by means of a relay triggered by S 2 to facilitate the observance of possible reciprocal excitation of the atria (atrial echoes). plaques (4, 8) . Conduction time through the components of the A-V conduction system were subdivided as follows. The time interval from the initial sharp deflection of the atrial electrogram to the Q wave of the ECG or to the beginning of the ventricular electrogram (A-Q or A-V intervals) was taken as a measurement of total A-V conduction time. Since the atrial electrogram is recorded in the vicinity of the tricuspid valve and A-V node, the error involving conduction from atrium to junctional tissue is minimal (4) . The interval from the initial sharp deflection of the atrial electrogram to the His deflection (A-H interval) was taken as a measure of A-V nodal conduction time. This measurement almost totally excludes impulse transmission through the His bundle and remaining VSCS, which is represented by the interval from the His bundle deflection to the point of earliest ventricular muscle activation represented by the Q wave of the ECG or the ventricular electrogram (H-Q or H-V interval). In addition, conduction delay in the VSCS could usually be localized to one or both bundle branches by detecting bundle-branch block patterns on the standard ECG recordings.
Subdivision of Total
Definitions.-The following terms are used in this study to describe conduction properties of the elements constituting the A-V conduction system. Effective Refractory Period.-The effective refractory period of cardiac muscle begins when a propagated response cannot be evoked by an electrical stimulus (9). Accordingly, the effective refractory period of the A-V conduction system is the longest A,-A 2 interval at which the atrial test response (A 2 ) fails to conduct to the ventricles. The effective refractory period of the A-V node refers to the latest atrial test response which fails to conduct to the His bundle. The effective refractory period of the VSCS is indicated by the latest test stimulus which depolarizes the bundle of His but fails to propagate to the ventricles (the interval between the basic and premature His bundle responses at which conduction block occurs in the VSCS). The H r H 2 in terval indicates the coupling interval between basic and premature stimuli arriving at the VSCS and takes into account the delay of the premature stimulus in the A-V node.
Functional Refractory Period.--The functional refractory period (10) of the A-V conduction system is the minimum interval between two successive ventricular responses, both propagated from the atrium (2, 5). By recording His bundle electrograms, the functional refractory period of the A-V node was also determined in this study (the minimum interval between two successive His bundle responses, both propagated from the atrium). Possible mechanisms involved are discussed by Rosenblueth (11) . On the basis of our results, the term functional refractory period of the A-V conduction system does not contain as much physiological information as functional refractory period of A-V nodal conduction.
Full Recovery Time.-The full recovery time of cardiac muscle occurs when the delay between the stimulus and the response becomes constant. It is indicated by normal conduction velocity or time (9, 12). The full recovery time of the A-V conduction system occurs at the minimum Aj-Ao interval at which conduction time of the premature atrial impulse to the ventricles equals that encountered with the basic response. Similarly, the full recovery time of the A-V node is the minimum A]-A 2 interval at which conduction time of the premature atrial impulse to the His bundle equals that encountered with the basic response. The interval between the functional refractory period and the full recovery time is defined as the relative refractory period of the A-V conduction system and A-V node (3).
The full recovery time of the VSCS begins at the minimum H,-!^ interval at which conduction time of a premature impulse throughout the HisPurkinje system equals conduction time of the basic impulse. The end of the full recovery time occurs at the H]-H 2 interval at which conduction of the premature impulse in the VSCS is delayed relative to the basic response. The full recovery time does not correspond to the end of the relative refractory period of Purkinje tissue (9, 13,14).
Results
The intervals between the basic and the premature ventricular responses (Vi-V 2 ) were plotted against the corresponding atrial intervals (Ai-A 2 ) for each study. There were three distinct types of curves, indicating differences in the physiological characteristics of A-V conduction in man (Fig. 1) . The curves can be readily compared with studies on the canine heart in which the data was presented in this manner (3) (4) (5) . Similar plots of the intervals between the basic and premature bundle of His electrograms (Hi-H 2 ) enabled the site of conduction delay to be localized to either the A-V node or the VSCS, delineating the mechanism of these differences. This method of graphic presentation also demonstrates the relationship of the Hi-H 2 intervals to conduction delay in the His-Purkinje system. 
intervals (ordinate) to Aj-A s intervals (abscissa). Solid circles indicate A-V conduction with an aberrant QRS complex (see text for discussion). B: Relationship of A B -H Z and H 2 -V e intervals (ordinate) to A r 'A B intervals (abscissa) for the same experiment as A.
recovery time of the A-V conduction system occurred at an Ai-A 2 interval of 560 msec. At shorter Ai-A 2 intervals, A-V conduction of the premature impulses (A 2 ) were delayed relative to the basic drive impulse (Ai), as indicated by the deviation of the descending limb of the curve from the solid line (the theoretical line of no A-V conduction delay). The curve continued to descend during the relative refractory period of the A-V conduction system at a decreasing slope, indicating a progressive increase in A-V conduction time.
At a critical A a -A 2 interval of 310 msec, Vi-V 2 reached a minimum (390 msec) and then began to increase even though the atrial interval shortened further. The increase in Vi-V 2 was progressive until complete block of conduction of the premature impulse occurred at an Ai-A 2 interval of 245 msec. The shortest V1-V2 interval of 390 msec indicates the functional refractory period of the A-V conduction system, and the latest atrial test response which fails to conduct to the Figure 2A . The Hi-H 2 intervals can be seen to correspond exactly to the Vj-V 2 values, indicating that the increase in A-V conduction time occurring with premature atrial stimulation was confined entirely to the region of the A-V node (between the atrial and His bundle electrogram). The site of A-V conduction delay in another type 1 experiment is demonstrated in Figure 3 . When conduction delay occurred in the His-Purkinje system, the points on the curve representing the ventricular intervals differred from points representing the His bundle intervals in a positive direction (Fig. 4) (4) . In Figure 2B (data from the same experiment as 2A), the A 2 -H 2 intervals representing A-V nodal conduction time of the premature impulses are plotted The values for the refractory periods of the A-V conduction system and the A-V node for type 1 curves are summarized in Table 1 
A: Type 2 curve relating V 1 -V z and Hj-H s intervals (ordinate) to A t -A e intervals (abscissa). Solid circles indicate A-V conduction with an aberrant QRS complex (see text for discussion). B: Relationship of A 2 -H s and H e -V e intervals (ordinate) to A 1 -A s intervals (abscissa) for same experiment as A.
this group, A-V nodal conduction time increased 2 to 3 times before the effective refractory period of the A-V node occurred. The premature atrial stimulus never reached the His bundle before the VSCS had recovered from the basic stimulus (the Hi-H 2 interval did not attain a value less than the full recovery time of the VSCS). This was indicated by the constancy of the H 2 -V 2 intervals. In three experiments, premature atrial stimulation resulted in a slightly aberrant QRS with normal H2-V2 intervals. Electrocardiographic analysis of the precordial leads indicated some minor intraventricular conduction delay. This finding may signify conduction delay at the most peripheral ramifications of the Purkinje network, resulting in a slightly altered sequence of ventricular activation. In addition, in two of the nine subjects in this group, reciprocal excitation of the atrium (atrial echoes) was observed when early premature atrial impulses were significantly delayed in the A-V node. The occurrence of Type 2 Response.-The second type of curve describing total A-V conduction of premature impulses is shown in Figure IB and Figure 4A . This type of response was encountered in 6 of 20 studies. The initial part of the curve occurring at large Ai-A 2 intervals is similar to type 1. The full recovery time of A-V conduction in the experiment shown in Figure 4 occurred at an A1-A2 interval of 560 msec. At an atrial interval of 425 msec, Vi-V 2 began to assume a constant value, reaching a minimum of 460 msec at an atrial interval of 340 msec. Vi-V 2 thereafter fluctuated slightly as A1-A2 was decreased further. The occurrence of the horizontal limb of this V1-V2 curve was accompanied by various degrees of aberration in the QRS of the ECG. Finally, when A 2 occurred 255 msec after the basic atrial response, it was no longer conducted to the ventricles, indicating that the effective refractory period of A-V conduction was reached. Analysis of A-V nodal and His- 
Premature atrial impulse is blocked in the A-V node. Note that A-V conduction delay of the premature atrial impulse occurs in both the A-H and H-V interval.
Purkinje conduction times in this study indicates that the delay in A-V conduction of the premature atrial impulse is not entirely confined to the A-V node. As shown in Figure  4A , as Ai-A 2 decreased, F^-Ho also decreased. Delay in A-V nodal conduction was responsible for the initial A-V conduction delay occurring at Aj-A 2 intervals less than the full recovery time, since the ventricular and His bundle intervals still coincided at this point. When Ai-A 2 reached 400 msec, a gradual conduction delay of the premature impulse also began to occur in the His-Purkinje system. This is indicated by the differences in the Vj-V 2 intervals from the H1-H0 intervals at Ai-A 2 values from 400 to 255 msec. The minimum ventricular interval of 460 msec, defined as the functional refractory period of 
A: Modified type 2 curve relating V x -V e and H 1 -H i intervals (ordinate) to A t -A 2 intervals (abscissa). Solid circles indicate A-V conduction with an aberrant QRS complex (see text for discussion). B: Relationship of A s -H 2 and H s -V e intervals (ordinate) to A t -A t intervals (abscissa).
A-V conduction, occurred during conduction delay in the His-Purkinje system. The functional refractory period of the A-V node (minimum H 1 -Ha interval) was not reached until Ai-A 2 was decreased to 275 msec. Conduction delay began in the VSCS at Hi-H 2 coupling intervals less than 450 msec. This value therefore signifies the full recovery time of the His-Purkinje system. As Ai-A 2 decreased from 400 to 255 msec, both A-V nodal and His-Purkinje conduction times were progressively prolonged (Fig. 4B) . At an Ai-A 2 interval of 255 msec the premature impulse was blocked in the A-V node (before His bundle depolarization), which therefore determined the effective refractory period of the A-V conduction system. The prolongation of A-V nodal and His-Purkinje conduction is also demonstrated in Figure 5 .
In two other experiments, a modified type 2 curve was found (Fig. 6) . The horizontal limb of the V1-V2 curve was markedly shortened. In Circulation Research, Vol. XXVII, these cases, as the Ai-A 2 interval was shortened by 15 to 20 msec after the Vi-V 2 intervals began to assume a constant value, the effective refractory period of the VSCS occurred and the premature impulse was blocked after traversing the His bundle, before ventricular activation occurred (Fig.  7) . A-V nodal conduction properties determined after A-V block had occurred were similar to that described for other type 2 experiments (Fig. 6) . Since the effective refractory period of the VSCS was reached before that of the A-V node, in these instances the His-Purkinje system determined the effective refractory period of the A-V conduction system. In the experiment shown in Figure 6 , the effective refractory period of the VSCS was 400 msec (Hi-H 2 interval at which conduction block in the VSCS occurred) and that of the A-V node was 275 msec (Ai-A 2 interval at which conduction block in the node occurred). A summary of the values of the refractory periods of the A-V conduction system and its components for type 2 curves are presented in Table 1 . Conduction delays of premature atrial impulses in the A-V node was not as marked as that seen in type 1, increasing less than 2 times before the effective refractory period of the A-V node was reached. There was no ascending limb on the H1-H2 curve. No atrial echoes were observed in this group.
In six of the previously described experiments, the precordial limb leads reflected the conduction delay in the VSCS. In five, QRS morphologies indicative of incomplete right bundle-branch block were found. The remaining experiment showed a combination of incomplete right and left bundle-branch block patterns.
Type 3 Response.-In three experiments, a plot of the transmission of premature atrial activity to the ventricles gave the type of curve illustrated in Figures 1C and 8A . This curve is characterized by decreasing ventricular intervals similar to that previously described, followed by a sudden marked prolongation when the atrial test response became sufficiently premature. This prolongation was accompanied by an aberrant QRS complex on the ECG. The ventricular intervals then fluctuated with decreasing atrial intervals until A 2 was no longer conducted to the ventricles. A
: Type 3 curve relating Vj-V s and H 1 -H e intervals (ordinate) to A r A & intervals (abscissa). Solid circles indicate A-V conduction with an aberrant QRS complex (see text for discussion). B: Relationship of A s -H 2 and H^-Vg intervals (ordinate) to A x -A 2 intervals (abscissa) for same experiment as in A.
representative experiment are also shown in Figure 8A , and a separate plot is included of A-V nodal and His-Purkinje conduction times ( point after traversing the A-V node and depolarizing the His bundle (Fig. 9) . The effective refractory period of A-V conduction was thus determined by the His-Purkinje system in this and other type 3 curves. The effective refractory period of the VSCS in this study was 420 msec (H1-H2 interval at which conduction block occurred). Further shortening of the atrial interval to 330 msec finally resulted in block of A 2 in the A-V node (Fig.  8) . A summary of the values for the refractory periods of the A-V conduction system and its components for type 3 are presented in Table  1 . The magnitude of conduction delay of the premature impulse in the A-V node was similar to type 2, rarely increasing twofold. There was no ascending limb on the Hi-H 2 curve. No atrial echoes were observed in this group.
Atrium as an Additional Factor in Limiting A-V Conduction--In three additional experiments, the premature impulse was blocked in the atrium before the effective refractory period of the A-V node or His-Purkinje system was reached. As At-A2 was shortened, a progressive increase in the interval from the premature stimulus artifact to the A 2 response was noted in addition to the increase in A-V conduction time, until S2 was not followed by an atrial electrogram. This increase in the S 2 -A2 interval may be due to an increase in latency time of the stimulus response or to slow conduction in the atria. The lack of an atrial response to S 2 does not seem to be due to poor electrode contact with the atrium wall, since Si repeatedly elicited an atrial response through the same electrodes. Also, the S!-S 2 interval which failed to elicit an atrial response was remarkably constant throughout many determinations. When the voltage of S 2 was increased to as much as 8 times threshold, an atrial response still could not be elicited.
Discussion
The present study demonstrates three characteristic types of A-V conduction of premature atrial impulses in man. By recording His bundle activity it was demonstrated that the differences in the types of responses could be related to the site or sites of conduction delay of the premature impulse. A dual transmission system in the A-V node need not be evoked to explain the results. However, this study does not eliminate the possible existence of a dual A-V nodal conduction system in the human heart. Moe et al. (3) in their studies on the canine heart demonstrated the frequent occurrence of atrial echoes after premature atrial impulses which showed a marked delay in A-V conduction time. These findings suggested the presence of dual conducting pathways through the A-V node providing the reentrant circuit for the reciprocal beat. Atrial echoes were noted in two instances during the course of our studies, and their occurrence has also been described previously in the human heart during premature atrial stimulation (15) .
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Curves relating ventricular intervals to the intervals between basic and premature atrial responses have been used as an index to determine the refractory periods of the A-V conduction system in both the canine and human hearts (2, 3, 5, 11, (16) (17) (18) (19) . Since conduction delay and block of premature atrial impulses can occur in the VSCS, the recording of His bundle activity enables values for the refractory periods of the A-V node to be distinguished from His-Purkinje conduction delay and block.
The three basic response curves for A-V conduction obtained in this study are similar to the curves previously described for the canine heart (3, 4). The type 1 curve was found in 45% of the patients studied. In this group, conduction delay of the premature impulse was confined to the A-V nodal region. The values for the full recovery time and the functional and effective refractory periods of the A-V conduction system were those of the A-V node. The site of block of the premature atrial impulse during the effective refractory period of A-V conduction was in the A-V node. This characteristic type of A-V conduction was observed in most of the chronic studies on the canine heart by Hoffman et al. (4) and in 30% of acute studies in the series of Moeetal(3).
The type 2 response curve as here reported is also similar to responses previously described for the canine heart (3, 4). However, whereas in the canine heart this curve was also indicative of only A-V nodal delay (4), in our studies it indicated conduction delay in both the A-V node and VSCS. Initial conduction delay of A 2 was confined to the A-V node, but as A 2 occurred earlier in the cardiac cycle, a progressive delay in conduction also began to occur in the His-Purkinje system. An altered sequence of ventricular depolarization was indicated when aberrant QRS complexes occurred. The functional refractory period of the A-V conduction system in this type of response does not indicate the physiological state of the A-V -node.-The minimum Vj-Vz interval was a function of conduction delay in both the A-V Circulation Research, Vol. XXVII, September 1970 node and His-Purkinje system and probably occurred during the relative refractory periods of both these structures. The functional refractory period of the A-V node (minimum H1-H2 interval) occurred at a shorter Ai-A 2 interval. In most experiments in this group, the effective refractory period of the A-V node was the limiting factor for conduction of the premature impulse. In the two experiments showing modified type 2 curves, the effective refractory period of the VSCS was reached before A-V nodal block and thus determined the effective refractory period of the A-V conduction system. This phenomenon was not observed under normal physiological circumstances in a previously reported study on the canine heart (4). Conduction block of premature atrial impulses distal to the bundle of His in the dog has been demonstrated during cardiopulmonary bypass (20) and infusion of relatively high concentrations of epinephrine to speed A-V nodal conduction (21) . In addition, Preston et al. have demonstrated in young mammals that the functional refractory period of the A-V nodal region is shorter than the peripheral A-V transmission system of the ventricle (22) .
The type 3 curve which was found in 15% of our studies was never found in the chronic dog studies of Hoffman et al. during atrial stimulation (4), although Moe and his associates have reported this type of response in acute open-chested dogs after sinus crush, neural ablation, and in cross-perfused canine hearts (3, 5) . In this group, the relative refractory period of A-V conduction was again due to conduction delay in the A-V node. As the atrial intervals were reduced further, there was a sudden marked increase in the ventricular intervals due to conduction delay distal to the A-V node. The minimum V a -V 2 interval (functional refractory period of A-V conduction) occurred just before significant conduction delay in the His-Purkinje system (right bundle-branch block pattern). Agaim, the functional refractory period of A-V conduction did not indicate the physiological state of the A-V noder A 2 was still entering the A-V node during its relative refractory period at
